Abstract Mycobacterial suppression of central nervous system (CNS) autoimmunity has been demonstrated in various experimental models, epidemiological studies, and clinical trials. Recent studies have led to an increased understanding of the cellular and molecular interactions involved in the pathogenesis of autoimmune diseases and of mycobacterial immunity. Here, we review some of the mechanisms by which mycobacterial infection might modulate the clinical course of CNS autoimmunity. A more complete understanding of these mechanisms may lead to the development of novel immunotherapeutic tools for treating autoimmune diseases.
Immunity to mycobacterial infection
Mycobacteria comprises about 80 species, including Mycobacterium tuberculosis (Mtb), a human pathogen that causes approximately two to three million deaths per annum. Statistics suggest that one third of the world's population is currently infected with Mtb, and around 100 million people are annually vaccinated with a live attenuated mycobacterium called bacillus Calmette-Guerin (BCG). Additionally, owing to the prevalence of saprophytic mycobacteria in the environment, the human immune system is constantly exposed to mycobacterial infection (Rook et al. 2004) . Mycobacteria are intracellular pathogens, and their survival fundamentally depends on circumventing host protective immune responses. Therefore, mycobacteria have developed strategies to dampen host immunity. Moreover, growing numbers of epidemiological and clinical studies suggest that infection with mycobacteria or vaccination with BCG, especially in early childhood, may beneficially contribute to the development of normal immune regulation, which plays an important role in balancing pro-and antiinflammatory signals to resolve inflammatory events (Rook et al. 2004; Yazdanbakhsh et al. 2002) . Understanding the mechanisms by which mycobacteria evade host immune responses and modulate inflammatory responses may assist in the development of potent vaccines against Mtb and may be applied to the treatment of autoimmune diseases.
Mycobacteria-induced subversion of innate immune responses has been demonstrated in multiple sclerosis (MS) and its animal model, experimental autoimmune encephalomyelitis (EAE). Here, we review the immunomodulary role of mycobacteria in both MS and EAE. In addition, we summarize some of the possible mechanisms by which mycobacterial infections induce immunity that provides protection from autoimmune diseases. Ultimately, knowledge of these mechanisms will aid in the development of new immune therapies for the treatment of autoimmune diseases.
Innate immunity
The initial recognition of mycobacteria by the host immune system is mediated by pattern-recognition receptors such as toll-like receptors (TLRs), nucleotide-binding oligomerization domain (NOD)-like receptors, and C-type lectins, including the mannose receptor (CD207), the dendritic cell-specific intercellular adhesion molecule-3 grabbing nonintegrin (DC-SIGN/CD209), and Dectin-1 expressed by phagocytes (Jo 2008) . The initial interaction triggers intracellular signaling cascades (Fig. 1) , which coordinate innate and adaptive immune mechanisms and influence both the magnitude and the quality of responses against mycobacterial infection. In mice, mycobacterial infection triggers a TLR2-mediated signaling pathway, which directs a nitric oxide (NO)-dependent effector cascade (ThomaUszynski et al 2001) and cell activation by mycobacterial cell wall lipoglycans such as phosphoinositol-capped lipoarabinomannan, phosphatidyl myo-inositol mannosides (PIM 2 and PIM 6 ), or the 19-kDa mycobacterial lipoprotein (Gilleron et al. 2003; Means et al. 1999; Quesniaux et al. 2004) . In general, engagement of TLRs activates the adaptor molecule tumor necrosis factor (TNF) receptorassociated factor-6, which culminates in the activation of mitogen-activated protein kinases and the transcription factor NF-κB (Cook et al. 2004) , leading to the production of inflammatory mediators such as nitric oxide and proinflammatory cytokines such as TNF, interleukin (IL)-1, and IL-12. Studies have shown that long-term control of M. tuberculosis infection is both TLR2-and TLR4-dependent in mice (Abel et al. 2002; Drennan et al. 2004) and that innate immune responses elicited by mycobacterial components are critical for protective host immune responses.
Paradoxically, mycobacterial components may also dampen innate immune responses. It has been shown that binding of mycobacterium-produced Early Secreted Antigenic Target protein 6 (ESAT6) to TLR2 interferes with MyD88-dependent signaling cascades and inhibits activation of NF-κB (Pathak et al. 2007) . Therefore, the engagement of TLR2 by ESAT6 attenuates innate immune responses and the production of IL-12, TNF, and NO, in addition to suppressing various other critical proinflammatory mediators (Pathak et al 2007) . The 19 kDa mycobacterial lipoprotein has been shown to inhibit major histocompatibility complex class II expression on macrophages and reduce interferon (IFN)-γ responsiveness of macrophage in a TLR2-dependent manner (Pai et al. 2003 ). It appears that the proinflammatory activity via TLR2 is attributed to mycobacterial ligands containing triand tetra-acylated forms of lipomannans. Both the mannose receptor and DC-SIGN interact with di-acylated lipomannans exhibiting a potent inhibitory effect on cytokine and nitric oxide secretion (Geijtenbeek et al. 2003; Nigou et al. 2001) . This attenuation of innate immunity and subsequent adaptive immune responses by mycobacterial components is likely associated with the persistent survival of mycobacteria in the host. Subverting the innate immune responses may be an underlying mechanism of mycobacteria-induced protection against MS and EAE. A number of studies have provided evidence of marked expression of TLRs during central nervous system (CNS) autoimmune responses in both human multiple sclerosis lesions and in rodent EAE lesions. Zekki et al. (2002) showed that robust expression of TLR2 and CD14 transcripts occurred in the CNS following myelin oligodendrocyte glycoprotein (MOG) immunization in EAE mice and identified microglia/macrophages as the main cellular source of TLR2 in the brain of these EAE animals. Similarly, Visser et al. (2006) found that a distinct phagocyte subset, including granulocytes, macrophages, and dendritic cells, contained peptidoglycan (PGN), an alternative TLR ligand in both human multiple sclerosis and primate EAE brain tissue. The number of PGN-containing phagocytes was significantly higher in EAE animals compared to controls and was highest in acute phase EAE. The presence of PGN in the inflamed brain suggests that the binding of this ligand to its recognition receptors, namely TLR2, Nod1, Nod2, and TLR2/6, in association with CD14, may play an important role in promoting CNS autoimmunity. Another study, by Farez et al. (2009) , found increased serum levels of 15-α-hydroxicholestene in both progressive MS and murine EAE subjects. These levels promoted neuroinflammation by activating microglia, macrophages, and astrocytes via a TLR2/poly (ADP-ribose) polymerase-1 (PARP1) dependent pathway. This suggested that the TLR2/PARP1 pathway itself was a potential new target to treat progressive autoimmune disease of the CNS.
As the above studies suggest, many pattern-recognition receptors have a significant potential to modulate autoimmune mechanisms in the CNS. We also know that a variety of mycobacterial components can act through these same receptors during the initial interactions between host and bacteria. Thus, these mycobacterial agents have the potential to shape immune responses towards both proinflammatory and tolerizing directions. Since the primary target cells of mycobacterium overlap with the phagocytes that govern autoimmune inflammation in the CNS, mycobacterial components potentially compete with host-derived, neuroinflammation-boosting agents for the same receptors during concomitant immune responses. Although it is not completely understood how mycobacteria express anti-EAE activity or even whether or not this happens at the level of the innate immune mechanism, there is certainly potential for interactions via pattern-recognition receptors expressed by phagocytes in the CNS. Further studies need to explore these potential interactions to elucidate the contribution of mycobacteria to long-term protective immune responses against the development and progression of EAE autoimmunity and to validate their applicability as general immune modulators.
Adaptive immunity
Protective immunity against mycobacteria depends on Th1 responses, largely coordinated by IFN-γ and TNF-α. CD4 + and CD8 + T cells produce IFN-γ, which controls bacterial growth by inducing macrophage activation and thus production of TNF-α and bactericidal effector molecules, including reactive nitrogen intermediates (RNI) (Cooper et al. 1993; Xing et al. 2001) (Fig. 1 ). IFN-γ is also essential in governance of protective granuloma formation. TNF-α, in synergy with IFN-γ, induces RNI production which directs effector cells to the site of infection by influencing the expression of adhesion molecules and chemokines; this helps maintain the integrity of the granuloma structure. Granuloma formation is a hallmark of an effective, protective immune response against mycobacterial infection (Co et al. 2004; Raupach and Kaufmann 2001) . Briefly, upon infection, the immune system recruits a collection of mononuclear phagocytes, which surround individually infected macrophages, T cells, B cells, DCs, neutrophils, and fibroblasts and promote production of extracellular matrix components (Cosma et al. 2003; Peters and Ernst 2003) . The mycobacterial granuloma is a tightly integrated structure due to the differentiation of macrophages into giant multinuclear epithelioid cells. Thus, granulomas physically prevent dissemination of bacteria as well as control inflammation and tissue pathology. Additionally, granulomas directly reduce the number of bacteria by multiple mechanisms including production of reactive oxygen intermediates and RNI. Although a granuloma is a physically integrated entity, its component units are dynamically replenished by a continuous bidirectional flux of cells . The trafficking of immune cells into granulomas is guided by a wide range of chemokines, such as CCL2, CCL3, CCL5, CXCL9, and CXCL10 (Algood et al. 2003) , and this leukocyte trafficking modifies concomitant immune responses Sewell et al. 2003) .
Apoptosis is another important mechanism of protective immunity against mycobacterial infection. Experiments with IFN-γ-deficient mice (which are also deficient for nitric oxide production) or mice treated with NO inhibitors demonstrate that the absence of IFN-γ or NO and decreased apoptosis in these models lead to earlier death. However, protection in these animals fails due to uncontrolled lymphocyte activation, not because of uncontrolled bacterial growth. This demonstrates that contraction of the lymphocyte compartment is a crucial stage of the protective immune response against mycobacterial infections (Cooper et al. 2002; Cooper et al. 1993) . The dual role of IFN-γ and NO in promoting and limiting T-cell activation also contributes to regulating undesirable self-reactive T-cell responses.
Mycobacterium in the CNS autoimmune disease model EAE
The suppressive effect of mycobacteria in the development of autoimmune responses has been implicated in various experimental autoimmune disease models, including experimental autoimmune encephalomyelitis. A study in the 1960s demonstrated that Lewis rats are resistant to the induction of EAE when pretreated with complete Freund's adjuvant (CFA). The protective effect of mycobacteria on EAE has been demonstrated with immunization using heatkilled Mtb, live and heat-killed BCG, or purified protein derivative (PPD) from Mtb. The suppressive effect of heat-killed Mtb on EAE is most pronounced when compared with the suppressive effect of other bacteria such as Escherichia coli, Shigella, and Staphylococcus aureus and can be achieved using PPD from many different strains of mycobacteria, such as Mycobacterium avium, Mycobacterium kansaii, Mycobacterium intracellulare, and Mycobacterium bovis (Ben-Nun et al. 1993; Lehmann and Ben-Nun 1992 ). Subcutaneous (s.c.) or intraperitoneal (i.p.) immunization of mice with CFA or heat-killed Mtb 4 weeks prior to EAE induction confers inhibition of EAE clinical symptoms. This inhibition is dose-dependent with heat-killed Mtb and has been shown to be effective when the immunization is given i.p. or s.c. before or up to 2 days post EAE induction. Recently, it has also been demonstrated that the mycobacteria-induced protection against EAE can be conferred by prior intracerebral (i.c.) infection with live BCG (Lee et al. 2008) . Infection of the CNS with BCG 21 days prior to EAE induction with MOG in CFA prevents the development of EAE clinical symptoms and pathology. This study clearly indicates that ongoing anti-BCG Th1 and Th17 responses do not accelerate the induction of T-cell responses specific for CNS self-Ag in spite of being in the same anatomical compartment; rather, these ongoing anti-BCG Th1 and Th17 responses appear to inhibit autoimmune responses. All of these results using experimental models report that mycobacteria are beneficial against EAE development and progression. Possible mechanisms for this protection are described in the following section.
Proposed regulatory mechanisms induced by mycobacteria in autoimmune disease models
The reduction of self-Ag-specific responses at the effector site appears to be the major mechanism by which mycobacterial infection suppresses autoimmune responses. This feature is mostly attributed to characteristic antimycobacterial immune responses, such as strong IFN-γ responses, apoptosis, and granuloma formation.
Altered T-cell trafficking from the CNS to the peripheral inflammatory sites
The concept that the BCG-induced granuloma acts as a sink for lymphocytes was introduced by our group Sewell et al. 2002) (Fig. 2) and was based on findings that a variety of T cell receptor (TCR) specificities could be found in granulomas and that BCG-nonspecific T cells also contributed to this diversity (Hogan et al. 2001; Sewell et al. 2003; Co et al. 2006) . The influx of BCGnonspecific T cells not only directly influences the local protective immune responses against infection, but it also modifies the progression and results of concomitant immune responses (Sewell et al. 2003) . A former study from our group demonstrated that CD4 + T-cell-mediated autoimmune responses in the CNS could be regulated by i.p. BCG infection using the EAE model. BCG-infected animals had fewer self-Ag (MOG 35-55 )-specific IFN-γ-producing CD4 + T cells in the brain compared to control EAE animals (Sewell et al. 2003) . Surprisingly, MOGspecific CD4 + T cells were found to infiltrate into mycobacterial granulomas formed at a distant site, in the liver. The diverted trafficking of MOG-specific T cells from their original effector site to the periphery led to reduced EAE clinical symptoms and tissue pathology in i.p. BCG-infected animals (Sewell et al. 2003) .
The diverted trafficking of MOG-specific T cells suggests that infection-induced inflammatory responses have the potential to redirect and detain pathogenic selfAg-specific T cells, thereby preventing them from participating in an inflammatory response that is spatially distinct. This appears to be one of the key mechanisms by which infection regulates autoimmune responses. As a matter of fact, in another infection model, infection with lymphocytic choriomeningitis virus prevents diabetes in prediabetic mice by redistributing pathogenic autoimmune T cells from the islets to the pancreatic draining lymph node (Christen et al. 2004 ). Altogether, these data demonstrate that one inflammatory response can completely reshape another concomitant immune response.
Suppression of the Th17 response IL-17 is important in chemotaxis of neutrophils through granulopoiesis and α-chemokines (CXC) chemokine induction (Laan et al. 1999; Kolls and Lindén 2004; Yu et al. 2007) , proinflammatory cytokine secretion, and production of metalloproteases, which mediate tissue destruction (Agarwal et al. 2008; Miossec 2003) . Th17 cells are therefore crucial in regulating tissue inflammation and pathology. Many studies have indicated that Th17 cells play a crucial role in autoimmune tissue pathology. IL-17 was shown to be directly involved in the destruction of cartilage and bone in rheumatoid arthritis patients (Bush et al. 2002) . Moreover, IL-17 deficiency or treatment with IL-17 receptor antagonists prevented development of adjuvant-induced arthritis in mice. Additionally, IL-17-deficient mice (Komiyama et al. 2006) or mice treated with an IL-17 blocking antibody (Hofstetter et al. 2005) developed resistance to the development of EAE. These clinical and experimental data suggest a pathological role of IL-17 in autoimmune diseases (Bettelli et al. 2007) .
Recently, we demonstrated that after BCG infection, which conferred protection against EAE, IL-17 responses were suppressed in EAE mice. Protected mice had significantly suppressed IL-17 CD4 + T-cell responses in the brain compared to control EAE mice. In contrast, IFN-γ responses in the brain were equivalent in i.c. BCG-infected and control EAE mice (Lee et al 2008) . These data, together with studies showing that IFN-γ cannot always downregulate IL17 production and may in fact contribute to the pathogeneic function of Th17 cells (Chen et al. 2006; McGeachy et al. 2007; Annunziato et al. 2007) , suggest that suppression of IL-17 responses, and not IFN-γ responses, confers protection against EAE. Clearly, BCG given prior to EAE induction suppresses IL-17, one of the most crucial cytokines promoting tissue pathology, thus inhibiting EAE. Interestingly, the suppressive effect observed in i.c. BCG-infected mice is more pronounced than that obtained in i.p. BCG-infected mice (Sewell et al. 2003; Lee et al. 2008) , suggesting that BCG-induced immune responses in the brain suppress autoimmune responses in ways distinct from diversion of encephalitogenic T cells to granulomas, which are formed in the brain upon i.c. BCG infection. Additionally, the observed protection demonstrates that BCG-induced regulation of autoimmune responses might be attributed to a qualitative change in Tcell responses and supports the notion that BCG may act as an active regulator of IL-17 secretion in EAE.
Although the current studies on IL-17 responses have been largely focused on CD4 + αβ T cells, other cell types such as γδ T cells, NK cells, and neutrophils also produce IL-17. Especially, γδ T cells appear to be a major source of IL-17 after E. coli (Shibata et al. 2007) or pulmonary BCG infection (Umemura et al. 2007; Roark et al. 2008) . Therefore, it is of great interest to understand how BCG infection modulates IL-17 responses by other cell types, especially γδ T cells, and suppresses autoimmune responses in the CNS during the course of EAE.
Immunomodulatory role of mycobacterium by inducing apoptosis of activated cells
Apoptosis is a critical regulatory mechanism that helps to eliminate activated pathogenic effector cells, thereby constraining inflammatory responses and preventing excessive inflammation. It is well established that IFN-γ crucially controls apoptosis of activated CD4 + T cells during mycobacteria infection (Cooper et al. 2002; Dalton et al. 2000; Gilbertson et al. 1999) . IFN-γ coordinates various apoptotic pathways to reduce activated CD4 + T cells by regulating mitochondrial damage-mediated apoptosis, such as Bcl-2, Bax, Bim, Bid, Apaf-1, and caspase-9, or by promoting cell-extrinsic signals of apoptosis such as TRAIL, DR5, and TNFR1 (Li et al. 2007b ). The ability of IFN-γ to coordinate these apoptotic pathways demonstrates the potential of IFN-γ to mediate immune regulatory mechanisms in autoimmune disease O'Connor et al. 2005; Qin et al. 2004) .
O'Connor and colleagues have demonstrated significantly more apoptosis of encephalitogenic MOG-specific CD4 + T cells transferred to BCG-infected mice compared to uninfected mice and that this bystander deletion of encephalitogenic CD4 + T cells resulted in reduced EAE clinical scores. They also found that IFN-γ receptors are required on donor CD4 + T cells for apoptosis to occur, clearly showing the critical role of IFN-γ in the apoptosis of encephalitogenic CD4 + T cells during BCG infection (O'Connor et al. 2005) . Therefore, IFN-γ-induced apoptosis during mycobacterial infection accounts for at least some mycobacteria-mediated suppression of autoimmune responses.
Apoptosis-mediated regulation of autoimmune responses has been shown in another autoimmune disease model (Qin et al. 2004) . Splenocytes from BCG-infected NOD mice were less diabetogenic when transferred to NOD/SCID mice compared with non-infected NOD donors. This effect was reversed when anti-IFN-γ Ab was administered during BCG infection. Increased apoptosis was accompanied by the upregulation of Fas, Fas ligand, and TNFR on T cells and was reversed when anti-IFN-γ Ab was administered during BCG infection, suggesting that IFN-γ was mediating deletion of diabetogenic T cells and protecting against disease (Qin et al. 2004 ). The studies of experimental autoimmune disease with concomitant BCG infection described above clearly demonstrate the beneficial role of BCG-induced inflammatory responses to host immunity and recapitulate the disease-limiting role of IFN-γ during immune responses.
Regulatory T cells in mycobacterial infections
Studies have shown the induction of regulatory T cells during mycobacterial infection and the role of these regulatory T cells as anti-inflammatory regulators during mycobacterial infection (Li et al. 2007a; Ribeiro-Rodrigues et al. 2006; Scott-Browne et al. 2007) . Regulatory T cells induced by chronic mycobacterial infection hinder efficient bacterial clearance (Kursar et al. 2007 ). However, mycobacteria are beneficial to the host because they prevent excessive inflammatory responses that would otherwise lead to detrimental tissue pathology (Sakaguchi et al. 2008) and because persisting mycobacteria contribute to memory T-cell generation, resulting in a fortified long-term protection. Regulatory T cells are critical to optimize host defense mechanisms, and mycobacterium-induced regulatory T cells may also interfere with or control other concurrent inflammatory responses. For example, using the ovalbumin (OVA)-induced eosinophilic airway inflammation model, Zuany-Amorim and colleagues demonstrated that the Mycobacterium vaccae -induced CD4 +
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Low regulatory T-cell population confers protection against airway inflammation in an IL-10-and TGF-β-dependent manner (Zuany-Amorim et al. 2002) when animals were immunized three weeks prior to OVA challenge.
The regulatory T-cell population involved in mycobacteriainduced protection has been studied in the insulin-dependent diabetes mellitus (IDDM) model (Qin et al. 1993 (Qin et al. , 2006 ). Qin and colleagues have shown that splenocytes from CFAimmunized mice can delay the onset of diabetes from nondiabetic NOD mice. However, this suppressive effect is abolished by depletion of CD4 + T cells, indicating the presence of a regulatory population in the CD4 + T-cell compartment (Qin et al. 1993) . Further phenotypic characterization of the regulatory population from CFA-protected NOD mice has identified a CD4 + CD8
+ double-positive CD25 + T-cell subset (MT-5B). This T-cell subset suppresses in vitro T-cell proliferation in an Ag-nonspecific and contactindependent manner, which is mediated by granzyme B and perforin, similar to killer mechanisms governed by NK cells and cytotoxic T lymphocytes. Treatment of diabetogenic splenocytes with MT-5B supernatant prior to adoptive transfer impairs their ability to transfer diabetes (Qin et al. 2006 ). This suppression is mostly due to increased T-cell apoptosis in a granzyme B-dependent manner. These data support the idea that mycobacteria-induced regulatory T cells have the potential to suppress auto-reactive T cells.
Regulatory role of B cells
The regulatory role of B cells has been recognized in various autoimmune disease models (Fillatreau et al. 2002; Mauri and Ehrenstein 2008; Mauri et al. 2003; Mizoguchi et al. 2002) . B-cell-deficient EAE mice exhibit a delayed induction of IL-10 in the CNS that inhibits recovery from EAE. This regulatory role appears to be mediated directly by IL-10-producing B lymphocytes. B cells may also regulate EAE autoimmunity through regulation of CD4 + CD25 + T cells via B7 (Mann et al. 2007) . A recent study has demonstrated the contribution of a mycobacterial component to the induction of regulatory B lymphocytes. Mtb (contained in adjuvant used to induce autoimmune responses) triggers toll-like receptor signaling in B lymphocytes which stimulates IL-10-mediated regulatory function, thereby suppressing both Th1 and Th17 inflammatory responses (Lampropoulou et al. 2008) . Although the IL-10-producing B-lymphocyte population has not been characterized in EAE models with mycobacteria pretreatment or treatment regimen, an early study using M. avium infection of NOD mice has shown that elevation in B lymphocytes rather than T lymphocytes is associated with long-term mycobacteria-induced protection (Martins and Aguas 1996) . Further studies will elucidate the contribution of regulatory B lymphocytes in mycobacteria-mediated suppression of autoimmune responses.
Perspective: translation of the experimental models to human autoimmune diseases Understanding the underlying mechanisms by which mycobacteria modulate autoimmune responses in the CNS in experimental models allows us to characterize essential components of those immune responses and therefore provides insight into the development of therapies targeting immune modulation in human diseases (Fig. 3) . To date, the potential of mycobacteria immunization in controlling autoimmune responses has been evaluated (Classen and Classen 1999; Paolillo et al. 2003; Parent et al. 1997; Ristori et al. 1999; Sanjeevi et al. 2002) . Human clinical trials using BCG vaccination as a treatment for autoimmune diseases and the long history of BCG vaccine in human medicine show that BCG is an attractive candidate for an effective and safe immune modulator. Ristori and colleagues have reported the effect of BCG vaccine as an immune modulator in MS. They performed a magnetic resonance imaging (MRI)-monitored trial with 14 relapsing-remitting MS patients and showed significantly reduced MRI activity in ten out of 12 patients and no adverse effects after a single crossover trial with BCG (Ristori et al. 1999) .
The promising results from BCG vaccination clinical studies validate research on mycobacteria-induced suppression in human autoimmune diseases and strengthen the rationale for future controlled trials. Mechanistic studies regarding mycobacteria-induced suppression of autoimmune responses in the CNS provide us with new a perspective for understanding how one immune response facilitates, synergizes, or detracts from other concurrent or subsequent responses. Future studies will provide insight into novel immunological components involved in regulatory mechanisms that may potentially be targeted for therapeutic intervention.
